Alzheimer's disease (AD) is a chronic neurodegenerative disease for which there are no effective pharmaceutical drugs; their action is restricted only to symptomatic relief. Recently, it was evidenced that therapeutic interventions may delay or prevent the progression of age-related neurocognitive decline. Grape is one of the most cultivated traditional fruits in the entire world; grape-derived extracts showed several biological activities that counteract the neurodegenerative damage of AD. Grape-derived extracts are natural sources of polyphenols that could sustain a healthy brain aging through exerting anti-oxidative, anti-inflammatory, anti-acetylcholinesterase, and anti-amyloidogenic activities. In the present review, we highlight the mechanisms underlying the neuromodulating capacity of grape-derived polyphenolic extracts and compounds, especially grape seed extract, grape leaves extract, and resveratrol. However, more research work is required to estimate the most active therapeutic extracts and compounds and their brain bioavailability.
Introduction
Dementia affects around 50 million people, and there are approximately 10 million new cases every year worldwide (World Health Organization (WHO) 2019). The prevalence of dementia, mostly Alzheimer's dementia, is increasing in the whole world. Alzheimer's disease (AD), the most common form of dementia, accounts for approximately 60 to 80% of cases; it affects almost 10% of individuals over 65 years (Alzheimer's disease International 2016). AD nearly doubles every 5 years in individuals aged 65 to 85 years (Alzheimer's Association 2018) and poses a great socio-economic burden for care and treatment (Olesen et al. 2012) . Unfortunately, there is a lack of effective treatment strategies to combat this neurodegenerative disorder. Therefore, many researchers believe that future therapeutic approaches to slow or halt the progression of AD and preserve brain function will be most effective when administered early in the disease process (Alzheimer's Association 2019).
AD is a proteinopathy or protein conformational disease, as it is associated with extracellular accumulation of amyloid-β (Aβ) peptide in susceptible brain regions (Hajieva 2017) . AD dementia is characterized by progressive memory loss and neurocognitive decline (Scheltens et al. 2016) . The key features of AD include neuroinflammation and dysfunctional cholinergic neurotransmissions (Rojo et al. 2008) . AD is characterized by two histopathological hallmarks, located in the cerebral cortex and hippocampus, the extracellular accumulation of senile amyloid-β (Aβ-plaques), and the formation of neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau proteins (Duyckaerts et al. 2009 ). The cumulative effects of both oxidative stress and neuroinflammation contribute to AD neuropathogenesis; it seems that oxidative stress precedes the deposition of Aβ-plaques (Wahlster et al. 2013) . Moreover, microglial and astrocytic activation contributes to the neurodegeneration and enhances Aβ-neurotoxicity (Sadigh-Eteghad et al. 2016) .
Current therapeutic strategies and searching for alternative nutraceuticals
Mild cognitive impairment (MCI) patients are more prone to develop incident AD, and most have significant brain amyloid burden (Petersen 2004) . There is a deep interest to develop interventions to prevent MCI progression into AD dementia through targeting the multiple aspects of the underlying pathology of AD development (Kamphuis and Scheltens 2010) ; this is supposed to have the greatest therapeutic potential in prodromal AD stages. The currently available therapeutic interventions failed to completely cure AD; they only relieve symptoms and have little or no effect on slowing or reversing AD progression (Lindsley 2012) . Hence, there is a pivotal need for the development of a new generation of effective, nutritionbased therapies of natural origin to enhance cognitive performance (Habtemariam 2016; Pasinetti et al. 2015) . Several nutraceuticals are natural antioxidants that showed neuroprotective potentials such as polyphenols like quercetin, curcumin, and resveratrol (Kelsey et al. 2010) . Consumption of Concord grape juice (Krikorian et al. 2010a ), blueberry juice (Krikorian et al. 2010b) , and flavanols (Desideri et al. 2012 ) improved verbal learning and memory formation in MCI patients.
In this review, we discuss the potential neuroprotective effect and neuromodulating activities of grape-derived polyphenols in AD, with a focus on resveratrol, grape seed extract, and grape leaves extract. Therefore, grapederived polyphenols have been the topic of numerous studies related to neurodegeneration. Naturally occurring grape polyphenols showed prominent therapeutic potential for AD.
This review included studies from three databases "Web of Science, SCOPUS, and PubMed." Search terms were "Alzheimer's disease," "polyphenols," "Grape-derived polyphenols," "AD-induced," "resveratrol," and "prevention and/or treatment of Alzheimer's disease." Different synonyms of the used terms such as "Alzheimer's disease," "AD" or "Alzheimer's dementia," "Grape," "Grapevine" or "Vitis vinifera" and "Polyphenols" or "Phenolic compounds" were all included to develop a search strategy that is applied in all the searches on the databases. Studies have been first screened by title, then by abstract, and finally by reading the full text. Besides the search terms, studies were selected based on certain inclusion/eligibility and exclusion criteria. Articles were included in this review if the following inclusion criteria were met: (1) neuroprotective activity of grape polyphenols (compounds or extracts) against AD; (2) use of an interventional study design; (3) the study involved AD-induced animals; and (4) the study was published in a peer-reviewed scientific journal (editorial material, conference abstracts, retracted publications, and book chapters were excluded). The research article, to be included, should investigate the activity of grape-derived extract or compound and at least one hallmark of AD pathology such as amyloid-β. All studies were in English and published between 2008 and 2019. Moreover, the lists of references of all the included articles were screened to identify further articles meeting the inclusion criteria. The exclusion criteria included "genetic," "AD-patients," "dementia," and "clinical." This review demonstrated all the recent and relevant studies on the beneficial effects of grape-derived polyphenols in AD-induced animals as shown in Table 1 .
Polyphenols
Polyphenols are naturally occurring compounds in the fruits, vegetables, tea, coffee, chocolates, legumes, cereals, and herbal beverages (Ganesan and Xu 2017) . They are the most abundant class of plant secondary metabolites, with varied and complex chemical structure. Fruits like grapes, berries, apple, cherries, and pear contains up to 200-300 mg polyphenols per 100 g fresh weight (Pandey and Rizvi 2009) . Polyphenols are classified based on the number of phenol rings and the chemical groups attached to the rings into "simple phenols," which have a single aromatic ring with one or more hydroxyl groups, and the more common "polyphenolic compounds" which have multiple phenol rings (Tsao 2010) . According to the number of rings and their binding affinity for different compounds, phenols can be divided into the flavonoids and the non-flavonoids (Fraga et al. 2010) (Fig. 1) . Flavonoids, the largest group of polyphenols, are divided into six groups: anthocyanins, flavanones, iso-flavones, flavones, flavanols, and flavonols (D' Archivio et al. 2007 ). Flavonoids are composed of two aromatic rings connected through a three-carbon bridge, which form the C6-C3-C6 structural backbone (Fraga et al. 2010) , such as catechins (Ciechanover and Kwon 2015) . Flavonoids showed neuromodulating activities ascribed to their ability to restore the neuronal oxidant/antioxidant balance, as well as to disrupt the aggregation potential of neurotoxic proteins (Habtemariam 2016) . On the other hand, non-flavonoids are composed of at least one aromatic ring that is connected to one or more hydroxyl groups, such as phenolic acids, lignans, and stilbenes (Surai 2014) . Phenolic acids are present in grapes, red wine, and coffee (Han et al. 2017 ).
Polyphenols as possible therapeutic interventions
Polyphenols are of great therapeutic potential in neurodegenerative diseases, inflammation, dyslipidemia, and immune system diseases (Moosavi et al. 2016 ). Due to their multiple (pleiotropic) biological activities and potential health-promoting properties, polyphenols have been described as neuroprotective, anti-inflammatory, anti-amyloidogenic, anti-cholinesterase, anti-amnesic, hypolipidemic, and anti-aging agents (Zhang et al. 2015) . Actually, the anti-oxidative and anti-aging properties of natural compounds could be of great benefit for management of neurodegenerative disorders (Borai et al. 2017; Rasool et al. 2014) .
Polyphenols are dietary supplements capable of slowing down the neurocognitive decline during aging and AD (Fernández-Fernández et al. 2012) . Dietary intake of Aβ amyloid beta, AD Alzheimer's disease, Tg transgenic, AlCl 3 aluminum chloride, hUC-MSCs human umbilical cord mesenchymal stem cells, Nrf2 nuclear factor erythroid 2-related factor 2, BDNF brain-derived neurotrophic factor polyphenols is associated with a reduced incidence of agerelated dementia, improved neurocognitive decline, and delayed onset of AD dementia (Lamport et al. 2016; Pasinetti et al. 2015) . Moreover, it is strongly associated with improvement of neurocognitive performance in middle-aged and aged individuals, who are either with normal aging or at risk for neurodegenerative diseases (Kesse-Guyot et al. 2012; Cimrová et al. 2011 ). This neurotherapeutic potential might occur through neuromodulating activities such as inhibiting neuroinflammation, inducing neurogenesis, and enhancing memory formation and consolidation (Vauzour 2012; Vauzour et al. 2008 ). Pharmacological research is interested in polyphenols as a nature-based treatment for brain disorders such as AD, due to their favorable safety profile and availability (Bensalem et al. 2016; Vauzour 2014; Nehlig 2013) .
Grape polyphenols
Grape (Vitis vinifera L.) is the second most cultivated fruit in the world that is consumed fresh, dried, or processed into wine (Pari and Suresh 2008) . The grape fruit is used in traditional medicine; because of its nutritional value and its high polyphenolic content, in addition to vitamins, minerals, and organic acids (Benmeziane et al. 2014) . Grapes, grape seeds, grape leaves, and grape pomace are rich sources of flavonoids, including monomeric phenolic compounds such as epicatechins, procyanidins, and catechins (Surai 2014) . Grape phenolics demonstrated antioxidants potential (Ismail et al. 2014; Schnee et al. 2013 ). For instance, polyphenols extracted from grape leaves exhibited anti-oxidant, anti-diabetic, anti-inflammatory, anti-aging effects, and anti-lipid potentials (Borai et al. 2017; Petersen and Smith 2016) . Bioactive dietary polyphenol preparation (BDPP) is a nutraceutical therapeutic combination formed of three bioactive and bioavailable grape-derived polyphenolsrich preparations (Concord grape juice, grape seed extract, and resveratrol) (Pasinetti et al. 2015) . BDPP is designed to delay the conversion of MCI into AD, to multi-target the pathogenic pathways of AD progression, and to present more comprehensive coverage of AD pathogenic targets; each component exerts its unique mechanism of action (Wang et al. 2014) . BDPP targets amyloid burden, synaptic plasticity, metabolic syndrome, and neurocognition, thus BDPP will demonstrate the cumulative efficiency of the three components and could be administrated to MCI individuals as a nutraceutical (Pasinetti et al. 2015) .
Actually, there is a growing interest in nutritional intervention studies to confirm the neuromodulatory role of polyphenols on brain health and function, as well as to sustain the idea of healthy brain aging (Bensalem et al. 2015) . At the same time, it is necessary to better define the metabolic profile, absorption profiles, and bioavailability of polyphenols to translate polyphenols-based therapeutic approach in AD animal models into a clinical therapeutic benefit (Mancuso et al., 1822; D' Archivio et al. 2010) .
Grape polyphenols and Brain health
Brain-targeting grape-derived polyphenols showed promising anti-neurodegenerative properties (Wang et al. 2008) . In the brain, most grape polyphenols or at least their metabolites, such as resveratrol, can cross the bloodbrain barrier (BBB) in sufficient concentrations, to evoke neuroprotective effects and memory-enhancing potential through inhibiting acetylcholinesterase (AChE) activities and enhancing Aβ-clearance (Rizk et al. 2018; Borai et al. 2017) . Grape polyphenols, mainly catechin, epicatechin, procyanidins, suppressed Aβ-oligomerization, and synaptic dysfunction in the brain, by interfering with specific binding sites of the Aβ-peptide (Ono et al. 2012; Ono et al. 2008) . Consumption of Concord grape juice for 12 weeks resulted in amelioration of memory formation, evaluated by the Californian-learning test, in aged rats (Shukitt-Hale et al. 2006 ) and older humans (Krikorian et al. 2010b ).
Resveratrol
Resveratrol (3,5,4′-trihydroxystilbene) belongs to stilbenes class, mainly found in the skins of mulberries, grapevines, and pomegranates (Vitrac et al. 2005) . Resveratrol (RESV) is also a member of anti-microbial and low molecular weight phytoalexins that are denovo-synthesized by the plants as a defense mechanism after a pathogenic attack (Cvejic et al. 2010) . The chemical structure of RESV contains two phenolic rings connected by a double bond that may undergo "cis-or trans-isomerization" by UV exposure (Song et al. 2012) . RESV-derived compounds such as arachidin-1 and arachidin-3 showed health-promoting effects (Ball et al. 2015) . Moreover, more than 300 RESV oligomers have been characterized (Keylor et al. 2015) . Water-soluble RESV is capable of crossing the BBB to exert its neuromodulating effects in the brain (Breuer et al. 2006) , and improve neurocognitive decline (Zhao et al. 2013; Abraham and Johnson 2009) . Therefore, RESV is a pleiotropic (multi-target) polyphenol that exerts neuroprotective activities through upregulation of brainredox imbalance, interactions with signaling pathways related to neuronal function and survival, inhibition of Aβ-oligomerization, suppression of cholinesterase activity, and finally inhibiting neurodegeneration (Ahmed et al. 2016 ).
Grape-derived polyphenolic extracts
Grape and its different parts demonstrated an outstanding nutritional and medicinal value for thousands of years that might be ascribed to their potent anti-oxidative activities, due to the high polyphenolic content; for example, grape seed extract contains approximately 60-70% of polyphenolic compounds (Garcia-Marino et al. 2006; Nawaz et al. 2006) . Therefore, regular administration of grapederived polyphenolic extracts as nutritional intervention could halt or attenuate neurodegeneration (Moosavi et al. 2016 ). Administration of proanthocyanidin-rich grape seed extract demonstrated anti-inflammatory, antioxidant, antiapoptotic, anti-fibrotic, and vasodilatory effects Hemmati et al. 2008) . Grape seeds-derived polyphenolic compounds such as flavonoids, catechin, epicatechin, and flavan-3-ols are of great interest in pharmaceutical supplements and nutritional interventions (Garcia-Marino et al. 2006 ). On the other hands, grape leaves are composed of a vast range of polyphenols including anthocyanins, flavonoids, and also organic acids, like malic, oxalic, tartaric, citric, fumaric, and succinic acids (Ismail et al. 2014) . These polyphenols showed an outstanding anti-oxidative potential (Schaffer et al. 2016; Lakshmi et al. 2014) , and have been suggested to be used in the treatment of oxidative stress-induced neurodegenerative disorders (Schnee et al. 2013; Dani et al. 2010) .
Antioxidant potential and iron-chelating activity of polyphenols
The brain is particularly susceptible to oxidative damage because it consumes a large amount of oxygen and contains high contents of polyunsaturated fatty acids (PUFAs), in addition to the presence of relatively low antioxidant defense enzymes (Wu 2005) . Therefore, several in vitro and in vivo studies evidenced the neuroprotective potential of grape polyphenols that mainly attributed to their direct anti-oxidant and metal-scavenging activities (Rizk et al. 2018; Cong et al. 2016; Basli et al. 2012; Dani et al. 2010) . Polyphenols are able to act as free radical scavengers and to give electrons to reactive radicals, rendering them into unreactive and more stable species (Baiomy 2016; Lakshmi et al. 2014 ). This anti-oxidative potential might be correlated to their complex chemical structure (Petti and Scully 2009 ) and phenolic content as phenolic compounds may indirectly prevent chelation of transition metal ions, thus inhibiting the generation of reactive hydroxyl radicals (HO•) (Halliwell 2008 ). In addition, polyphenols restrict cellular generation of reactive oxygen species (ROS) by suppressing the activity of pro-oxidant enzymes (protein kinase C, NAD(P)H oxidase, and xanthine oxidase) which participate in the intracellular electron transport chain (Procházková et al. 2011) .
Clinical application of polyphenols as antioxidant-based therapy is a promising, safe, and effective approach to attenuate oxidative stress-induced neurodegenerative disorders (Bhullar and Rupasinghe 2013) . For example, RESV is a potent antioxidant capable of extending the antioxidant potential by decreasing the generation of free radicals and superoxide ions (Gresele et al. 2008) . RESV showed in vitro and in vivo anti-oxidative potential (Chang et al. 2012; Mikula-Pietrasik et al. 2012) . Thus, RESV consumption can halt or prevent neurodegeneration, and limit or reverse the age-dependent neurocognitive decline (Bensalem et al. 2016; Vauzour 2014) .
On the other side, grape-derived extracts present an important anti-oxidant activity in the neural tissues, as grape seed extract can react with free radicals and catalyzed metal ions, then terminate chain reactions by removing radical intermediates, and inhibit other oxidation reactions by being oxidized themselves (Sanchez-Moreno et al. 1999) . Moreover, supplementation of grape seed extract to aged rats inhibited the accumulation of oxidative DNA damage and normalized lipid peroxidation and antioxidant activities (Balu et al. 2006 ). In addition, grape leaves polyphenolic extract is able to counteract the H 2 O 2 -induced enzymatic alterations (Dani et al. 2010 ). In our previous work, the administration of the grape leaves polyphenolic extract to AD-induced rats showed a remarkable anti-oxidative potential and supported the therapeutic efficiency of this polyphenolic extract against AD. Thus, our results demonstrated that grape leaves polyphenols attenuated AlCl 3 neurotoxicity via anti-oxidative and anti-apoptotic actions (Rizk et al. 2018; Borai et al. 2017 ).
Anti-inflammatory and immunomodulatory potential of polyphenols
The antioxidant capacity is strongly correlated to the immunomodulatory and anti-inflammatory role, as polyphenols can mitigate the side effects of oxidative stress generated during the immune reactions, thus promoting immunogenic function (Kamboh et al. 2015) . Polyphenols exert immunomodulatory and anti-inflammatory potential through controlling enzymes and inflammatory mediators and partial regulation of the activity of transcription factors such as downregulation of the nuclear factorkappa B (NF-κB) and affecting a number of glial and neuronal signaling pathways (Chiva-Blanch and Visioli 2012). Moreover, polyphenols demonstrated different suppressing actions on the release of pro-inflammatory cytokines, production of nitric oxide (NO) and prostaglandins (PGE2), as well as ROS generation in activated glia, and finally inhibiting microglia priming through toll-like receptors (TLR) activation (Vauzour 2014; GonzalezGallego et al. 2010 ). This might take place through the interaction of polyphenols with molecular signaling cascades and related machinery that regulate cellular processes such as inflammation (Habauzit and Morand 2012) .
There are other indirect mechanisms such as suppression of redox-sensitive transcription factors, e.g., nuclear factor-κB (NF-κB) and activator protein-1 (AP-1), upregulation of antioxidant enzymes, and inhibition of pro-oxidant enzymes (Saso and Firuzi 2014) . The immunomodulatory potential of polyphenols was demonstrated by suppressing the expression of NF-κB (transcriptional regulator of inflammation and apoptosis), blocking neuroinflammation through activation of SIRT1 pathway along with modulation of inflammatory mediators (Bhullar and Rupasinghe 2013) . For example, polyphenols are capable of selectively targeting NF-κB and attenuating its activation (Kuo et al. 2015; Chu 2014; Spencer et al. 2012) .
RESV is a potent NF-κB inhibitor with therapeutic potential against neuroinflammation (Solberg et al. 2014) . RESV administration to ovariectomized and D-galactoseinduced AD rats resulted in the reduction of hippocampal NF-κB . Furthermore, the oral supplementation of RESV to healthy subjects for 6 weeks showed a suppressive effect on oxidative stress and inflammation with a decrease in NF-κB binding (Ghanim et al. 2010) . Quenching NF-κB by RESV and its analogues can reduce AD-associated inflammation (Lukiw 2012) . RESV proves its neuroprotective potential through increasing nuclear factor erythroid 2-related factor 2 (Nrf2) expression, downregulating apoptotic enzymes like caspase-3 (Ren et al. 2011) , and attenuating matrix metallopeptidase 9 (MMP-9) (Cheng et al. 2009 ).
Moreover, administration of grape seed procyanidins (100 or 150 mg/kg) to weaned piglets resulted in a significant increment in the concentrations of complement 4 (C4), interleukin-2 (IL-2), and immunoglobulins (IgG and IgM); ameliorated the antioxidant capacity; and reduced lipid peroxidation, as compared to controls (Hao et al. 2015) . In addition, grape seeds proanthocyanidins showed immunomodulatory role in inflammatory conditions (De la Cerda-Carrasco et al. 2015) . Polyphenols-rich extracts from grape seeds and grape pomace suppressed the activation of stress signals such as NF-κB and Nrf2 (Gessner et al. 2013; Zhou and Raffoul 2012) .
However, the effective concentration of polyphenols to exert in vivo anti-oxidative scavenging potential is unattainable due to their very limited bioavailability and extensive metabolism in the gut and the liver. Thus, it was suggested that in lower amounts, typical of those attained in the diet, polyphenols may exert pharmacological activity (Vauzour et al. 2010 ).
Neuromodulating potential of polyphenols
There are several mechanisms exerted by polyphenols concerning their neuroprotective potential (Table 1) , including reduction of neuroinflammation-induced neural damage, altering ROS/RNS generation, attenuation of deposition of NFTs and Aβ-plaques, and activation of signaling pathways critical in controlling synaptic plasticity (Bensalem et al. 2016) . Additionally, polyphenols have a positive impact on brain health, through affecting peripheral and cerebrovascular blood flow (Jagla and Pechanova 2015; Kay et al. 2012) , demonstrating their capacity to induce vascular effects capable of supporting new nerve cell growth in the hippocampus (Vauzour 2012; Spencer 2009) . A higher microvascular density in association with the increase of cerebral blood flow (CBF) might induce performance by direct increase supply of glucose and oxygen in the brain (Oomen et al. 2009 ). Moreover, 2 g/day of grape seed extract (1 g of polyphenols) also improved endothelial function in subjects with high vascular risk (Clifton 2004) .
Briefly, the molecular mechanisms underlying the neuroprotective actions of polyphenols include anti-inflammatory, anti-oxidant activities, modulation of cell signaling pathways, and anti-amyloidogenic potential through direct interaction with amyloidogenic proteins (Hügel and Jackson 2015) . Additional mechanisms include direct effects on signaling pathways to promote neuronal communication, the ability to buffer against excess calcium, enhanced hippocampal neurogenesis, alterations in neuronal morphology, enhancement of stress shock proteins, alteration of inflammatory gene expression, and neuroprotection against excitotoxic stress, and reduction in inflammatory mediators such as NF-κB (Kaewkaen et al. 2012) . In vitro studies showed that grape extracts are strong free radical scavengers (Bagchi et al. 2000; Fauconneau et al. 1997) and are capable of inhibiting the production of free radicals, protecting neuronal cells from oxidative stress and cellular DNA damages, and inhibiting Aβ-induced neurocytotoxicity in brain cells (Basli et al. 2012) .
Grape seed polyphenolic extract is capable of attenuating neurodegeneration in transgenic AD mice, through increasing the brain bioavailability of flavan-3-ol molecules (e.g., catechin) and stimulating antioxidant mechanisms (Ho et al. 2013 , Wang et al. 2012a , 2012b . In addition, this extract showed memory-enhancing potential in middle-aged and adult rats (Devi et al., 2011; Devi et al., 2006) . Therefore, a better understanding of the neuroprotective effects and the multiple molecular mechanisms of action of polyphenols on the nervous system could help design better agents/drugs for management of neurodegenerative diseases (Moosavi et al. 2016 ). Future work is needed to reveal the mechanistic actions of polyphenolinduced neurocognitive improvement.
The anti-amyloidogenic activity of polyphenols
The anti-amyloidogenic activity of polyphenols is primarily attributed to their ability to bind directly to Aβ-fibrils, preventing further Aβ-oligomerization, and impairing their stability through metal-chelating activity or formation of nontoxic oligomers (Rizk et al. 2018; Amit et al. 2008 ). This might be linked to the direct effect of polyphenols on the processing of amyloid precursor protein (APP) through the inhibition of β-secretase (amyloidogenic) and/ or activation of α-secretase (non-amyloidogenic) pathways (Mori et al. 2012) .
Polyphenols attenuate AD dementia by modulating Aβ-neuropathology through inhibiting Aβ-oligomerization, promoting Aβ clearance, preventing the formation of neurotoxic oligomers, and inhibiting Aβ-membrane interactions (Caruana et al. 2012; Smid et al. 2012) . The ability of polyphenols to interact with proteins in the brain renders them neuroprotective (Fernandes et al. 2017) . Polyphenols interact with Aβ-peptides and form polyphenol-Aβ protein interaction that blocks self-association of Aβ-42 monomers to form low molecular weight oligomers. Thus polyphenols could function as Aβ-42 inhibitors; therefore, modifying polyphenol structures will improve their pharmacokinetics and efficacy (Fig. 2) . The mechanism of Aβ inhibition is driven by hydrophobic interactions that involve π-π bonding between the planar faces of the polyphenol structure and the aromatic residues of Aβ-42. Additionally, hydrogen bonding occurs between the peptide and the phenolic hydroxyl groups (Hügel and Jackson 2015) .
For example, administration of the grape seed extract to transgenic AD mice, genetically modified to express APP, enhanced Aβ clearance and showed improved cognition, as compared to control mice (Liu et al. 2011) . Interestingly, quercetin-3-O-glucuronide, from red wines and Concord grape juice, is capable of reaching the brain and reducing Aβ production, reducing Aβ oligomerization, and promoting neuroplasticity processes (Ho et al. 2013 ). Activation of AMP-activated protein kinase (AMPK) could be regarded as an anti-amyloidogenic strategy (Vingtdeux et al. 2010; Wang et al. 2010a Wang et al. , 2010b Vingtdeux et al. 2008) . Orally administered RESV can cross the BBB to activate autophagy and brain AMPK signaling, to decrease microglial activation, to reduce Aβ production and deposition in the brain, and to promote Aβ clearance in AD murine model (Solberg et al. 2014; Capiralla et al. 2012; Vingtdeux et al. 2010) . Furthermore, treatment of APP-transgenic mice with RESV reduced Aβ-42 deposition in the brain and protected from Aβ-induced neurotoxicity Karuppagounder et al. 2009 ). This antiamyloidogenic potential of RESV might take place through the ability of RESV to prevent Aβ-oligomerization, as well as its ability to disrupt existing Aβ deposits (Ghobeh et al. 2014) . Moreover, RESV enhances the binding of transthyretin, a transporter protein, to Aβ-oligomers and therefore preventing Aβ-plaque aggregation (Ribeiro et al. 2012 ). Resveratrol and its derivatives strongly inhibited the fibrillization of Aβ-peptides (Richard et al. 2011 ). In addition to AMPK activation, RESV exerts its neuroprotective potential through activation of protein kinase C, which stimulates α-secretase enzyme and consequently the non-amyloidogenic pathway, resulting in a reduction in the Aβ production (Bastianetto et al. 2015) . Quercetin also displayed anti-amyloidogenic potential and reversed Aβ-induced neurotoxicity in a cell system over-expressing APP Swedish mutation (APPswe), which is associated with early-onset familial AD (Jimenez-Aliaga et al. 2011 ). In addition, quercetin-3-O-glucuronide, quercetin metabolite, is capable of destabilizing the brain-targeted formation of neurotoxic Aβ-oligomers and improving neuroplasticity processes, through the activation of the c-Jun N-terminal kinases and the mitogen-activated protein kinase signaling pathways (Ho et al. 2013) .
Recently, the grape leaves polyphenolic extract was found to reduce Aβ-induced oxidative stress, thus suggesting that this natural extract is a promising neuroprotective agent against Aβ-induced neuroinflammation in AlCl 3 -induced AD-rats (Rizk et al. 2018 ). In addition, the grape seed extract inhibited the oligomerization of Aβ-peptides and improved neurocognitive function in AD models (Bhullar and Rupasinghe 2013; Liu et al. 2011) . Therefore, preventing the accumulation of neurotoxic Aβ-deposits in the brain might provide a useful therapeutic intervention against AD (Guerrero-Munoz et al. 2014) . The ability of polyphenols to improve synaptic transmission by elevating cAMP, targeting multiple signaling pathways, and reducing Aβ-neurotoxicity suggest their therapeutic potential against age-related disorders like AD and dementia (Bhullar and Rupasinghe 2013) .
On the other hand, polyphenols inhibit abnormal tau phosphorylation and tau aggregation (Ho and Pasinetti 2010; Wang et al. 2008) . Polyphenolic grape-derived extracts such as proanthocyanidins-enriched grape seed extracts are capable of interfering with tau-induced neurotoxicity by inhibiting abnormal aggregation of hyperphosphorylated tau (Santa-Maria et al. 2012; Wang et al. 2010a Wang et al. , 2010b , possibly through non-covalent interactions of polyphenols with tau proteins (Ho et al. 2009 ).
Polyphenols and anti-acetylcholinesterase activity
Acetylcholine (ACh) deficiency is one of the main pathological hallmarks of AD, which renders acetylcholinesterase (AChE) inhibitors as important AD drugs (Khan et al. 2009 ). Polyphenols could act as AChE inhibitors by accessing the brain and exerting a memory-enhancing effect, for example, Vitis-derived polyphenolic extracts inhibit brain/ serum AChE in AD-rats (Bhullar and Rupasinghe 2013; Fernández-Fernández et al. 2012 ). In our previous study, AD rats administrated the grape leaves polyphenolic extract showed cognitive recovery, assessed by T-maze, through increasing ACh and IL-6, inhibiting AChE, increasing BDNF (the classic neurotrophic factor) level, and finally enhancing neuronal survival and plasticity (Borai et al. 2017) . Similarly, administration of pure flavanols to senile rats increased BDNF levels and enhanced memory formation (Rendeiro et al. 2013) . Moreover, quercetin improved neurocognitive ability and exhibited neuroprotection against trimethyltin-induced neurotoxicity by inhibiting AChE (Choi et al. 2012 ). In addition, quercetin inhibited AChE activity and improved neurocognitive function in streptozotocin-induced mice (Tota et al. 2010) (Fig. 2) .
Brain localization and bioavailability of polyphenols
The chemical structure of polyphenols determines the rate and the extent of absorption and the nature of the blood-circulating metabolites, and dietary intake of polyphenols increased the antioxidant capacity, indicating their absorption through the gut barrier (Rodrigo et al. 2011) ; only approximately 5-10% of polyphenols are absorbed and metabolized in biochemical pathways (Chiva-Blanch and Visioli 2012). Moreover, polyphenols, or at least key metabolites, can cross BBB, accumulate in the brain in sufficient and pharmacologically relevant concentrations, and exert neuroprotective actions through modulating brain health and function (Bensalem et al. 2016; Ho et al. 2013) . Both antioxidant and neuromodulating potential of polyphenols or their metabolites depend on their bioavailability and their BBB-crossing capacity (Pandareesh et al. 2015; Del Rio et al. 2013) . Their brain permeability is totally controlled by the degree of lipophilicity and polarity of each polyphenolic compound (Youdim et al. 2003) . In addition, stereoactive interaction of polyphenols with specific efflux transporters expressed on endothelial cells of the BBB is another factor (Faria et al. 2011) . For example, RESV is selectively localized in different brain regions; this might be attributed to specific metabolism of RESV in the brain or its diffusion rate (Pasinetti et al. 2015) . Brain-penetrating polyphenol metabolites, such as quercetin-3-O-glucoside and 3′-O-methyl-epicatechin-5-O-β-glucuronide, are capable of modulating Aβ-neuropathogenic mechanisms and promoting synaptic plasticity by enhancing cAMP response element-binding protein (CREB) signal transduction, which is involved in memory formation and consolidation (Ho et al. 2013 , Wang et al. 2012a , 2012b . However, further work is needed to better understand polyphenol absorption, metabolism, tissue distribution, intracellular accumulation and excretion, and brain bioavailability. Furthermore, the structural changes and chemical biotransformation of polyphenols during metabolism and interaction with the BBB within the target brain need more clarification to determine their cerebral bioavailability (Bensalem et al. 2015) . Actually, resolving the bioavailability of natural polyphenols is more challenging than with synthetic compounds (Rubio et al. 2014) , because resident gut microbiota generates secondary metabolites (Van Duynhoven et al. 2011 ). This involves deglycosylation, followed by the breakdown of phenolic rings into phenolic acids and aldehydes. After absorption, metabolites can be glucuronidated, sulfated, and/or methylated and are detected in the bloodstream, urine, and fecal samples (Chen et al. 2014) . Only picomolar or nanomolar concentrations of intact polyphenols can reach the brain after oral administration (Rojo et al. 2016) . Therefore, repeated ingestion of polyphenols over time is necessary to keep a high concentration of polyphenols in plasma (Baba et al. 2001; De Boer et al. 2005) .
Despite poor bioavailability and increased metabolism (Juan et al. 2010) , RESV showed neuroprotective potential in AD animal models (Walle 2011) ; moreover, it has been suggested that some of RESV metabolites such as RESV-3-sulfate and RESV-3-O-glucuronide and di-and tri-sulfated derivatives may be responsible for its neuroprotective activity (Wenzel et al. 2005) .
Future studies should focus on administrating bioactive and BBB-permeable polyphenols in either monomeric forms or herbal formulae (Hügel and Jackson 2015) . Moreover, further pre-clinical work is needed to determine the most neuroactive nutraceutical formulations, whether through the diet or supplement, to design and perform informative clinical trials (Bensalem et al. 2015) . Therefore, it is necessary to define the "true bioactive molecules" and the role of metabolism in the pharmacology of ingested polyphenols (Rojo et al. 2016 ).
Administration of high dosage of polyphenols can lead to hepatotoxicity and nephrotoxicity due to increased hepatic biotransformations of polyphenols; therefore, the optimal dosage of single compounds or polyphenolenriched extracts may increase their therapeutic efficacy (Albarracin et al. 2012) . Based on chemical drug design, it is possible to ameliorate polyphenol bioavailability through designing and developing novel synthetic polyphenolic compounds with similar structures that favor BBB accessibility (Hajieva 2017; Ohlow et al. 2012) .
Delivery system of polyphenols
To ensure better polyphenol delivery into the brain, new delivery systems are developed to overcome limitations related to the bioavailability of polyphenols and to improve their pharmacokinetics. This might include encapsulation of bioactive polyphenols in phospholipid nanoparticles (entrapment of polyphenols in lipid vesicles), their incorporation with biodegradable polymers, or their modifications by using adjuvants as absorption enhancers (Hügel and Jackson 2015; Mignet et al. 2013 ). However, administration of nanoparticle preparations for prolonged periods may give rise to the toxicity of the carriers that encapsulate active compounds (Mancuso et al. 2012) .
Several resveratrol carriers were developed, for instance, cyclodextrin-RESV inclusion complexes (Soo et al. 2016) , chitosan-coated lipid microparticles (Scalia et al. 2015) , Ntrimethylchitosan-g-palmitic acid surface-modified solid lipid nanoparticles (Ramalingam and Ko 2016) , protein nanoparticles (Joye et al. 2015) , and nano-carriers with gold and silver nanoparticles (Park et al. 2016) . In AD rat model, intraperitoneal administration of nano-encapsulated RESV increased its bioavailability and its concentration in the brain and finally resulted in better neuroprotective potential than free RESV (Frozza et al. 2013; Frozza et al. 2010) . This proves that the high bioavailability of RESV in lipid core nanocapsules is contributing to the therapeutic potential against AD (Frozza et al. 2013 ).
Conclusion and future directions
This review highlighted the potential therapeutic neuroprotective and/or neurorestorative potential of grapederived polyphenols, with a special focus on grape-derived polyphenols. This takes place through the modulation of several mechanisms involved in AD such as oxidative stress, neuroinflammation, and Aβ-plaque formation. Grape-derived polyphenols showed anti-oxidative, antiinflammatory, anti-amyloidogenic, and neuromodulating activities. Therefore, grape-derived polyphenols could be regarded as ideal candidates for counteracting the multifactorial nature of AD. Further research is required to develop novel formulations or to design chemical analogs to polyphenols with neuroprotective potential. In addition, there is an urgent need to translate the positive outcome Availability of data and materials Not applicable.
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